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Abstract-It is known that active particles induce emerging patterns as 
a result of their dynamic interactions, giving rise to amazing 
collective motions, such as swarming or clustering. Here we present 
a systematic numerical study of self-propelling particles; our main 
goal is to characterize the collective behavior of suspensions of 
active particles as a result of the competition among their propulsion 
activity and the intensity of an attractive pair potential. Active 
particles are modeled using the squirmer model. Due to its 
hydrodynamic nature, we are able to classify the squirmer  swimmer 
activity in terms of the stress it generates (referred to as pullers or 
pushers). We show that these  active stresses  play a central role in 
the emergence of collective motion. We have found that 
hydrodynamics drive the coherent swimming between swimmers 
while the swimmer direct interactions, modeled by a Lennard-Jones 
potential, contributes to the swimmers’ cohesion. This competition 
gives rise to two different regimes where giant density fluctuations 
(GDF) emerge. These two regimes are differentiated by the 
suspension alignment; one regime has GDF in aligned suspensions 
whereas the other regime has GDF of suspensions with an isotropic 
orientated state. All the simulated squirmer suspensions shown in this 
study were characterized by a thorough analysis of global properties 
of the squirmer suspensions as well as a complementary cluster 
analysis. 
I. INTRODUCTION 
Active matter refers generically to systems composed of 
self-driven units, active particles, each capable of converting 
stored or ambient free energy into systematic movement [1]. 
Examples of active systems are found at all length scales and 
could be classified in living and nonliving systems such as 
microorganisms, tissues and organisms, animal groups, self-
propelled colloids and artificial nanoswimmers. Specifically, 
at the micro and nano scale we find an enormous range of 
interesting systems both biological and artificial; e.g. 
spermatozoa that fuse with the ovum during fertilization, the 
bacteria that inhabit our guts, the protozoa in our ponds, the 
algae in the ocean; these are but a few examples of a wide 
biological spectrum [2]. In the artificial world we have self-
healing colloidal crystals and membranes as well as self-
assembled microswimmers and robots [3]. Experiments in this 
field are now developing at a very rapid pace [4] and new 
theoretical ideas are needed to bring unity to the field and 
identify “universal” behavior in these internally driven 
systems.  
One important feature of active matter is that their elements 
can develop emergent, coordinated behavior; collective 
motion constitutes one of the most common and spectacular 
example [5]. Collective motion is ubiquitous and at every 
scale, from herds of large mammals to amoeba and bacteria 
colonies, down to the cooperative behavior of molecular 
motors in the cell. The behavior of large fish schools and the 
dance of starling flocks at dusk are among the most 
spectacular examples. From a physical perspective collective 
motion emerges from a spontaneous symmetry breaking that 
allows for long-range orientational order [6]. The different 
mechanisms responsible for such symmetry breaking are still 
not completely understood. We have performed a systematic 
numerical study of interactive micro-swimmer suspensions 
building on the squirmer model, introduced by Lighthill [7]. 
Since the squirmer identifies systematically the hydrodynamic 
origin of self-propulsion and stress generation it provides a 
natural scheme to scrutinize the impact that the different 
features associated to self-propulsion in a liquid medium have 
in the collective dynamics of squirmer suspensions. In this 
abstract we describe the simulation scheme and how squirmers 
are modeled, then some of the main results are discussed and 
finally we conclude emphasizing the main implications of the 
results obtained.  
II. SIMULATION SCHEME 
The squirmer model was proposed to model describe 
microorganisms that swim due to the synchronized motion of 
the cilia through metachronal waves. The minimal squirmer 
can be characterized only by two parameters B1 and B2. B1 is 
related to the polarity associated with squirmer propulsion and 
B2 quantifies the active stresses that the metachronal waves 
induce in the fluid. To study the influence of activity we have 
taken the active stress relative to the polarity, quantified by β 
= B2 /B1. In this way, swimmers can classified as pullers if B2 
> 0 or as pushers if B2 > 0, which is related to how squirmer 
induces stress in the fluid. This classification applies 
generically to active microorganisms. In fact, many bacteria 
behave as pushers while certain motile algae such as 
Chlamydomonas behave as pullers [8]. Squirmers provide a 
useful model that identifies the basic hydrodynamic stresses 
associated to active swimming. In this respect, a previous 
study has shown the impact that active stresses have in the 
collective behavior of semi-dilute squirmer suspensions [9]. 
This study has shown that pushers decorrelate while pullers 
develop large aggregates for a finite range of positive β, when 
self-propulsion and stress generation competes with each 
other.  
 
Fig. 1. Snapshots of simulations with β = 0.6 at steady state of the simulations 
for several values of interaction strengths. The green spheres correspond to the 
squirmers positions while red arrow is the squirmer  fixed orientation vector. 
In (a), ξ = 0.6, the attractive potential dominates and particles crystallize 
without any significant alignment. In (b), ξ = 1.8, a coexistence phase between 
small solid clusters, isotropically aligned, and individually swimming particles 
coexist. In (c), ξ = 4.2, the transition between isotropic and aligned squirmer 
structures appear. In (d), ξ = ∞, we recover the pure hydrodynamic swarming 
with a clear non-zero polar order. 
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We carry out this numerical study using the Lattice 
Boltzmann method (LBM), a well-known kinetic model that 
captures the hydrodynamic interactions among suspended 
particles [10]. LBM has a high degree of parallelization, hence 
it is ideal for parallel machines (computational clusters) [11]. 
We simulate our squirmers as spherical solid particles and 
modify locally the boundary condition at their surfaces to 
impose the active propulsion and stress. 
We have carried out a thorough numerical study of semi-
dilute squirmer suspensions where additionally to the active 
stress that characterize them, we introduce an isotropic 
Lennard-Jones (LJ) potential between the particles. We can 
then analyze the competition between the intrinsic propulsion 
and active stresses and the cohesive tendency of the LJ 
interactions to form dense packings. This competition will be 
quantified by the interaction strength parameter ξ = Fd/FLJ, 
where Fd= 6πηRpvs, is the drag force generated by one active 
particle of radius Rp that move with velocity vs=2/3 B1 in a 
fluid with viscosity η and FLJ = FLJ(r=r0) = 2.4εLJ/σLJ is the 
LJ-force at the minimum of the interaction (r0). Thus, ξ is the 
ratio between squirmer propulsion force and the characteristic 
LJ force intensity. We can see in Fig. 1 some snapshots for a 
few representative scenarios: In (a) ξ is very low and the 
cohesion is so strong that squirmers build up a big crystallized 
cluster. As the attraction decreases its strength, a coexisting 
liquid- solid phase like in (b) is allowed, a liquid phase like 
develops in (c), and eventually  active coherent swarming (β = 
0.6) are observed for ξ = ∞, in (d). 
III. RESULTS 
The collective properties of squirmer suspensions can be 
rationalized in terms of two order parameters. The suspension 
alignment can be quantified in terms of the global polar order, 
and the growth of squirmer density fluctuations with system 
size can be quantified in terms of its exponent. A scaling 
exponent closer to 1, corresponding to giant density 
fluctuations (GDF), correlates with swarm formation [12] 
while systems in thermal equilibrium have an exponent of 1/2. 
We find that the alignment depends completely on the 
squirmer hydrodynamic signature, and observe non-zero polar 
order for pullers with β < 3. The attractive potential plays a 
key role in the polar order only when its strength is 
comparable to squirmer activity. For larger values of ξ, GDF 
correlate with clusters that display global orientational 
ordering. However, for smaller values of ξ, around 1.8 we 
have found another GDF area related to a competition between 
the crystal formed when ξ = 0.6 and the isotropic fluid 
observed at ξ > 1.8. 
IV. CONCLUSIONS AND REMARKS 
We have analyzed the emerging behavior of squirmer 
suspensions. We cover all the cases at this density regime, and 
are able to know when collective motion emerges depending 
on the interaction and the hydrodynamic squirmer signature. It 
is important to remark that we find special density fluctuations 
at ξ = 1.8 where polar order is not present, which means that 
the origin of this GDF are totally different from the GDF 
found it for high values of ξ. GDF can be related to a 
coexistence phase between solid and liquid, since we have a 
solid in ξ = 0.6 and a liquid in ξ = 3.0. Although LBM has 
high degree of parallelization and since it is solving the 
velocity of the solvent explicitly, it requires of a lot of 
processors to run all the simulations shown above. We have 
found that the macroscopic polar order parameter of active 
suspensions decays inversely with the simulation box and 
reach a plateau at large enough simulation boxes. Hence, we 
have shown and quantified the intrinsic polar order in 
squirmer suspensions without any significant finite size 
effects. 
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